Background-Stroke is an important cause of morbidity and mortality, although there is a lack of comprehensive data on its incidence, cumulative risk, and predictors in patients with adult congenital heart disease. Methods and Results-This retrospective study of 29 638 Quebec patients with adult congenital heart disease aged 18 to 64 years between 1998 and 2010 was based on province-wide administrative data. The cumulative risk of ischemic stroke estimated up to age 64 years was 6.1% (95% confidence interval [CI], 5.0-7.0%) in women and 7.7% (95% CI, 6.4-8.8%) in men; the risk of hemorrhagic stroke was 0.8% (95% CI, 0.4-1.2%) and 1.3% (95% CI, 0.8-1.8%), respectively. Compared with rates reported for the general Quebec population, age-sex standardized incidence rates of ischemic stroke were 9 to 12 times higher below age 55 years and 2 to 4 times higher in the age group 55 to 64 years; hemorrhagic stroke rates were 5 to 6 times (age <55 years) and 2 to 3 times higher. Using a combination of stepwise model selection and Bayesian model averaging, the strongest predictors of ischemic stroke were heart failure (odds ratio for age group 5.94 [95% CI,.14], odds ratio for age group 50-64 years, 1.68 [95% CI, 1.06-2.66]), diabetes mellitus (odds ratio, 2.33 [95% CI, 1.66-3.28]), and recent myocardial infarction (odds ratio, 8.38 [95% CI,.58]). Conclusions-Among patients with adult congenital heart disease, 1 in 11 men and 1 in 15 women experienced a stroke between ages 18 and 64 years. Stroke incidence was considerably higher than in the general population, especially at a younger age. The most important predictors of ischemic stroke were heart failure, diabetes mellitus, and recent myocardial infarction. Additional research is required to see whether advances in the management of adult congenital heart disease may reduce this substantial stroke rate. Database, a province-wide, population-based CHD data source. 2 It encompasses more than 84 000 patients with ACHD containing comprehensive longitudinal, demographic, diagnostic, and therapeutic records of patient-linked encounters with the healthcare system in Quebec between January 1, 1983, and March 31, 2010. By law, attestation of death is sent to the Quebec Health Insurance Board, increasing the likelihood of capture of death. Approval for the construction and use of the database was granted by the McGill University Health Center ethics board and the Quebec government agency responsible for privacy of access.
A pproximately 1% of live births are affected by a defect of the heart or great vessels. 1 Advances in congenital heart disease (CHD) management have improved survival, 2, 3 but paradoxically they have highlighted unique needs arising from lifelong comorbidities. 4, 5 
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There is a growing body of evidence that the heart-brain axis constitutes an important source of neurodevelopmental impairment in patients with CHD. 6 Adult CHD (ACHD) patients are thus susceptible to a multitude of factors that may result in cumulative neurologic impairment. In this study we turn our attention to the understanding of the frequency and predictors of stroke. In the ACHD population, stroke may be related to paradoxical embolization through right-to-left shunts, 7 previous palliative and corrective surgeries, 8 infective endocarditis, 9 cyanotic heart defects, 10 or rheological problems, as well as to acquired risk factors for stroke. 5 Although there are numerous stroke case studies, [11] [12] [13] comprehensive data on stroke in patients with ACHD is lacking. Thus, the objective of this study was 3-fold: (1) to estimate the incidence rate and cumulative risk of ischemic and hemorrhagic stroke in a population-based ACHD cohort, (2) to compare these findings with the general adult population, and (3) to identify the strongest predictors of stroke in patients with ACHD.
Methods

Data Sources
In Quebec, a unique healthcare number is assigned to all individuals at birth and is systematically linked to all diagnoses and health services rendered for the duration of a patient's life. At the McGill Adult Unit for Congenital Heart Disease Excellence, 3 administrative databases (the physicians' services and drug claim database [Régie de l`Assurance Maladie du Québec], the hospital discharge summary database [Med-Echo] , and the Quebec Health Insurance Board) have been merged to create the Québec Congenital Heart Disease
Variable Definitions
Congenital Heart Disease
Diagnostic codes for CHD adhered to the International Classification of Disease (ICD), ninth and tenth revisions. Patients with CHD were identified if they had at least 1 diagnostic code for CHD in the database or if they had undergone a CHD-specific surgical procedure billed by a cardiovascular surgeon based on a previously defined and validated hierarchical algorithm. 2 Endocardial cushion defects, lesions with single ventricle physiology, tetralogy of Fallot, transposition complex, and truncus arteriosus were classified as severe, because they are the lesions most likely to be cyanotic at birth. 2 The remaining lesions were categorized based on pathophysiological and anatomic criteria (Table I in the online-only Data Supplement). Defects of septal closure between the right and left sides of the heart and persistent ducti arteriosi were categorized as shunt lesions. The remaining lesions were divided into right and left sided according to the lateralization of the defect, because pathophysiological considerations suggest a potential for differences in the risk of stroke. 14 Anomalies of venous return and ACHD patients with 2 distinct CHD diagnoses belonging to different lesion categories were summarized as other lesions.
Stroke
The outcome of interest was first hospital admission for ischemic or hemorrhagic stroke based on principal discharge diagnoses. Before 2005, stroke was ascertained by ICD-9 codes (ischemic: 434, 436; hemorrhagic: 431) and afterward by corresponding ICD-10 codes (ischemic: I63, I64; hemorrhagic: I61). For these codes, high positive predictive values have been reported in the general population. 15, 16 An additional code for computed tomography or magnetic resonance imaging of the head or a duplex ultrasound of the carotid arteries at the time of the index hospitalization was required to increase specificity of our stroke definition. For exclusion of patients with previous stroke, ICD-9 code 438 (late effects of cerebrovascular disease) and ICD-10 code I69 (sequelae of cerebrovascular disease) were used in addition. The term stroke used in the sections below refers to first hospital admission for stroke.
Comorbidities, Surgeries, and Interventions
Comorbidities were ascertained based on ICD-9 and -10 codes from inpatient (Med-Echo) and outpatient (Régie de l`Assurance Maladie du Québec) data (Table II in the online-only Data Supplement). If codes originated from outpatient data, at least 2 corresponding codes were required for a positive covariate status to increase specificity. 17 Surgeries and interventions were identified based on procedural billing codes submitted by eligible specialists (Table III in the onlineonly Data Supplement) . Cardiac surgery was defined as any surgery on the heart or aorta; high-risk surgery additionally included interventions on the carotid artery.
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Study Population and Design
Cumulative Risk Cohort
This is a retrospective, population-based cohort study. Inclusion criteria for the cumulative risk cohort were the assignment of a specific CHD diagnosis and the contribution of any person-time within the age-range from 18 to 64 years between January 1, 1998, and March 31, 2010. Patients with a stroke in the 10 years before meeting the inclusion criteria were excluded to rule out pre-existing disease (washout period).
Because the echocardiographic workup after a stroke or transient ischemic attack frequently leads to detection of a patent foramen ovale (PFO), 19 and because the same ICD-codes (ICD-9: 745.5, ICD-10: Q21.1) are used for PFOs and ostium secundum type atrial septal defects (ASDs), these patients may be selected into the database conditional on having had a stroke or transient ischemic attack. Therefore, patients receiving their first-ever ICD-9 code 745.5 or ICD-10 code Q21.1 within a year of a stroke or transient ischemic attack were excluded to reduce selection bias. Sensitivity analyses were conducted to assess the extent of potential underestimation or overestimation of cumulative risks introduced by this exclusion criterion. For sensitivity analysis A, person-time for ASD/PFO patients was only counted from the time of first assignment of a corresponding ICD code in the database. Therefore, temporality between discovering the lesion and experiencing the outcome was assured and the selection bias removed; however, this reduced person-time, because CHD is by definition present from birth, independent of the age at diagnosis. Sensitivity analysis B was directed at assessing the impact of potentially excluding not only PFO but also some true patients with ASD. Therefore, a random sample of 10% of the excluded patients was reincluded based on the assumption that the ratio of PFO versus ASD lesions among stroke patients would be no less than 9:1. This ratio is reasonable considering the prevalence proportions of PFO and ASD lesions observed in the general population 2, 20 and in stroke patients. 7, 21 Additional sensitivity analyses were performed to assess the impact of including patients with unspecified lesions, the impact of changing from ICD-9 to ICD-10 coding, and the impact of applying a 15-year instead of a 10-year stroke-free washout period. For comparison of incidence rates with rates observed previously in the general population by Mayo et al, 22 a cohort starting at age 15 years was used, only ICD-9 codes were considered, and no additional imaging codes were required to enable a contrast using the same definitions.
Nested Case-Control Subcohort
A nested case-control design was used to assess the ability of lesion categories, comorbidities, and interventions to predict ischemic stroke. For hemorrhagic stroke, the number of events per variable was too low for reliable statistical inferences. 23 Ischemic stroke cases were matched 1:40 with control patients on exact calendar day and age (caliper matching within 6 months). Matching on calendar time ensures approximation of the incidence rate ratio (IRR) by the odds ratio (OR) 24 and accounts for any temporal trends in stroke incidence 22 ; matching on age effectively controls for the most important confounder. Within the nested case-control cohort, baseline comorbidities were ascertained in the 5 years preceding the index hospitalization of the case, and acute conditions (myocardial infarction or endocarditis) and recent high-risk surgery were determined in the 90 days prior. For surgical history, the longest possible ascertainment window of 15 years was applied. In addition, the proportion of cases with a high-risk surgery, acute myocardial infarction or acute endocarditis during the index hospitalization and 30-day mortality of stroke patients were identified. Furthermore, the prevalence of generally long-standing comorbidities diagnosed in the year after ischemic stroke was determined and compared with proportions obtained at baseline to assess the possibility of an underdetection of risk factors before the stroke.
Propensity Score-Matched Subcohort
The effect of incident heart failure on the risk of stroke was assessed using a propensity score-matched subcohort settled within the cumulative risk cohort. This design enabled calculation of absolute risks of stroke by means of Kaplan-Meier analysis while adjusting for confounders. Incident heart failure was defined as the first appearance of a diagnostic code for heart failure in the database. This was assured by applying a 10-year washout period before matching and excluding patients with pre-existing heart failure. For each patient, the propensity of receiving a first diagnosis of heart failure was calculated by means of a time-dependent logistic regression model. 25 Patients with myocardial infarction, endocarditis, or high-risk surgery in the 90 days before or at the time of the heart failure diagnosis were by guest on September 14, 2016 http://circ.ahajournals.org/ Downloaded from excluded, because the strong association of these covariates with heart failure would impede balanced groups. All of the other covariates potentially associated with the outcome according to the nested case-control analysis, as well as "coronary artery disease" and "history of left valve replacement," were included in the model. 26 Patients with incident heart failure were matched 1:1 on calendar time and propensity score to patients without heart failure (nearest neighbor matching). If the logit of the propensity for cases and matched control subjects differed by >0.2 SDs, the pair was dropped from the analysis. 27 Sensitivity analyses were conducted to assess the impact of excluding strokes, which occurred within 90 days of acute events (myocardial infarction, endocarditis, or high-risk surgery), on the results of the nested case-control and the propensity score-matched cohort.
Statistical Analysis
Incidence rates were compared by the use of direct standardization. For comparison with the general population of Quebec in 2002, 22 incidence rates were age and sex standardized to the midyear Quebec population of 2002. The analysis of the cumulative risk of stroke over the course of adulthood accounted for the competing risk of death. 28 Baseline characteristics and comorbidities of the nested casecontrol cohort were presented as proportions for categorical variables and median and interquartile ranges for continuous ones. The distributions of covariates within strata of the outcome were compared using univariate conditional logistic regression. Predictors of stroke were first evaluated using a stepwise procedure with a high stay and entry threshold P value of 0.3 to exclude covariates with virtually no probability of an effect and enhance computational efficiency of the following steps. Interaction terms with age were tested for significance at an α level of 0.05. The selected covariates were implemented in a freely available macro for Bayesian model averaging. 29 All 2 k (k = number of covariates) possible models were considered equally likely a priori and posterior probabilities (PrPs) calculated using the Bayesian information criterion approximation to Bayes factor. 30 The β coefficient of each candidate variable was calculated as a weighted average of the coefficients from all of the models that included the variable in question with weights equal to posterior model probabilities. Posterior parameter estimates (mean OR), 95% credible intervals (95% CrIs), and PrPs where the regression coefficients are non-0 were reported. Bounds for categorization of PrPs were defined at 50%, 75%, 95%, and 99%, corresponding with weak, positive, strong, and very strong evidence for an association with the outcome. 30 Baseline characteristics after propensity score matching were assessed using standardized differences. 31 The impact of incident heart failure on the risk of ischemic stroke was evaluated using Cox proportional hazard models stratified on the matched sets. Time 0 for a given matched pair corresponded with the date of first diagnosis of heart failure. An interaction term with follow-up time was added to test the proportionality assumption. Kaplan-Meier curves contrasting stroke-free survival in patients with incident heart failure and nonheart failure were compared by a stratified log-rank test. 31 The maximum follow-up period was 10 years, at which surviving subjects were right censored. All of the statistical analyses were conducted using SAS software 9.3 (SAS Institute Inc, Cary, NC).
Results
We identified 30 200 eligible patients, of whom 297 had a stroke during the washout period and 265 patients with PFO were excluded ( Figure 1 ). A total of 358 strokes (311 ischemic and 47 hemorrhagic) occurred in the remaining 29 638 patients with ACHD over 258 045 person-years of follow-up time between January 1, 1998, and March 31, 2010.
Incidence Rates
For women, age-specific incidence rates of ischemic stroke ranged from 29 (age group 18-24 years) to 292 (age group 55-64 years) per 100 000 person-years, for men 16 to 304 per 100 000 person-years ( Table 1 ). The IRR contrasting agestandardized rates for men and women was 1.35 (95% confidence interval [CI], 1.08-1.69). Rates for hemorrhagic stroke were 5 to 34 per 100 000 person-years in women and 10 to 54 per 100 000 person-years in men (IRR, 1.69 [95% CI, 0.95-3.02]). The sensitivity analyses aimed at assessing the impact of excluding PFO patients (Table IV in the online-only Data Figure 1 . Derivation of the study population and subcohorts. *To exclude pre-existing disease. †Patent foramen ovale (PFO) patients are assigned the same International Classification of Disease (ICD) codes (ICD-9: 745.5, ICD-10: Q21.1) as ostium secundum type atrial septal defects (ASD). Because PFOs are frequently searched for after the occurrence of a stroke or transient ischemic attack (TIA), their inclusion is conditional on the outcome (or a precursor) causing selection bias. Thus, patients receiving their first congenital heart disease (CHD) diagnosis based on 1 of these 2 ICD codes within a year of a stroke or TIA were excluded. N indicates number.
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Supplement) or unspecified lesions (Table V in the online-only Data Supplement) from the main cohort, contrasting the change from ICD-9 to ICD-10 coding (Table VI in the online-only Data Supplement) and using a 10-year versus a 15-year washout period ( 
Cumulative Risks
For an 18-year-old woman, the overall cumulative risk of ischemic stroke over the course of adulthood up to age 64 years was on average 6.8% (95% CI, 5.7-7.8%) and for an 18-year-old man 8.9% (95% CI, 7.6-10.1%). Stratified by stroke type, cumulative risks in women were 6.1% (95% CI, 5.0-7.0%) for ischemic and 0.8% (95% CI, 0.4-1.2%) for hemorrhagic stroke; in men, 7.7% (95% CI, 6.4-8.8%) and 1.3% (95% CI, 0.8-1.8%), respectively ( Figure 2A ). Intermediate-and long-term mortality-adjusted Age-adjusted rate ratio (men vs women) for ischemic: 1.35 (95% CI, 1.08-1.69), P value = 0.0084. Age-adjusted rate ratio (men vs women) for hemorrhagic: 1.69 (95% CI, 0.95-3.02), P value = 0.0765. Rates were compared using direct standardization, and the overall population of adults with congenital heart disease served as the reference population. 95% confidence intervals (CIs) are in brackets. py indicates person-years. Figure 2 . Cumulative risk of stroke over the course of adulthood. Cumulative risks of ischemic and hemorrhagic stroke for patients with congenital heart disease conditional on survival to age 18 years and adjusted for the competing risk of death over the course of adulthood up to age 64 years stratified by sex (A) and for overall stroke by lesion-category (B). Table  IX in the online-only Data Supplement. Stratified by lesion category, severe (8.9% [95% CI, 6.0-11.5%]) and left-sided lesions (9.5% [95% CI, 7.8-11.1%]) conveyed the highest cumulative risk of stroke during adulthood, whereas estimates for shunt-and right-sided lesions were lower, at 7.0% (95% CI, 5.8-8.0%) and 4.0% (95%-CI, 1.2-6.5%; Figure 2B ).
Baseline and Clinical Characteristics
For the nested case-control subcohort, all 311 ischemic stroke cases were matched on age and calendar time with 12 440 control patients (1:40 ratio). In Table 2 , the distribution of baseline characteristics, comorbidities, and interventions is shown for case and control subjects. The median age at the time of stroke was 49.9 years. The burden of baseline comorbidities and previous interventions was throughout higher in ischemic stroke than control patients (Table 2) . A total of 13.4% of the strokes occurred in the setting of a high-risk surgery, 5.8% in relation to an acute myocardial infarction, and 8.0% in the context of acute endocarditis during the index hospitalization. Thirty-day mortality was 5.1% for patients with ischemic stroke and 27.7% for those with hemorrhagic stroke. Ischemic stroke cases are matched on age and calendar time to control subjects (1:40) . Results are shown as proportions (%) for categorical and median and interquartile range (IQR) for continuous variables. Odds ratios were derived from univariate conditional logistic regression; for lesion categories shunt lesions served as the reference. ACHD indicates adult congenital heart disease; 95% CI, 95% confidence interval; PH, pulmonary hypertension; 2°, secondary; recent, occurring in 90 days before the time of hospital admission of case.
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In the year after ischemic stroke, a significant rise in the proportion of patients diagnosed with hypertension, coronary artery disease, atrial arrhythmia, and tobacco use was noted (Table X in the online-only Data Supplement).
Predictors of Stroke
Fourteen covariates (listed in Table 2 ) were selected by the stepwise method and implemented into the Bayesian model averaging macro, which thus averaged over 2 14 (= 16 384) possible models. Interaction terms of age with heart failure and severe lesions were statistically significant and age dichotomized as a categorical variable (age groups 18-49 and 50-64 years) rendered the most parsimonious models based on the Bayesian information criterion. Figure 3 displays the results of the Bayesian model averaging as a forest plot.
There was very strong evidence for an effect of heart failure and diabetes mellitus on the risk of ischemic stroke with PrPs >99%. Heart failure had a greater relative impact at younger age, with a mean OR of 5.94 (95% credible interval, 3.49-10.14) for age group 18 to 49 years and an OR of 1.68 (95% credible interval, 1.06-2.66) for age group 50 to 64 years. The mean OR comparing diabetic with nondiabetic subjects was 2.33 (95% credible interval, 1.66-3.28). A positive association was noted for recent myocardial infarction (OR, 8.38 [95% credible interval, 1.77-39.58]); PrP, 93.6%). Recent high-risk surgery was a weak predictor of ischemic stroke (OR, 1.84 [95% CI, 0.60-5.63); PrP, 59.7%). All of the other covariates showed PrPs <50%, and consequently 95% credible intervals of posterior parameter estimates included the null effect. Heart failure and diabetes mellitus remained the strongest predictors even if strokes were excluded, which occurred in the setting of acute myocardial infarction, endocarditis, or high-risk surgery ( Figure I in the online-only Data Supplement).
Stroke Risk After First Diagnosis of Heart Failure
For 1379 patients of the cumulative risk cohort, a first diagnosis of heart failure was recorded between January 1, 1998, and March 31, 2010. A total of 284 patients were excluded because of high-risk surgery, endocarditis, or myocardial infarction in the 90 days prior and 4 patients, because no control patient was available within 0.2 SDs of the logit of the propensity score. Thus, the final propensity score-matched cohort consisted of 1091 matched pairs. Twenty patients with incident heart failure and 10 patients without heart failure experienced an ischemic stroke. Exposure status was well balanced between heart failure and nonheart failure patients for all of the covariates (Table XI in the online-only Data Supplement). The interaction term between heart failure and follow-up time was significant and therefore incorporated into the Cox model. The hazard ratio for ischemic stroke comparing patients with incident heart failure and nonheart failure was 8.83 (95% CI, 2.17-65.01) at 1 year, 5.90 (95% CI, 1.80-31.23) at 2 years, and 3.95 (95% CI, 1.42-15.613) at 3 years; thereafter, CIs turned inconclusive. The absolute risk of ischemic stroke at 1 year was 0.6% (95% CI, 0.3-1.4%) in patients with heart failure versus 0% in patients with nonheart failure, at 2 years 1.2% versus 0.2%, at 3 years 1.5% versus 0.8%, and at 10 years 4.2% versus 2.3% (P value of stratified log-rank test comparing survival curves, 0.0499; Figure 4) . If strokes that occurred in the setting of acute events are excluded, the comparison loses statistical significance but a trend toward a higher stroke rate in patients with heart failure persists (15 versus 6 ischemic strokes, P value of stratified log-rank test, 0.1083; Figure II in the online-only Data Supplement).
Discussion
In this ACHD population, incidence rates ranged from 0.02% (age 18-24 years) to 0.30% (age 55-64 years) per year for ischemic and from 0.01% to 0.05% for hemorrhagic stroke. In comparison with the general population, incidence of ischemic stroke was roughly 9 to 12 times higher below age 55 years and 2 to 4 times higher between age 55 and 64 years; hemorrhagic stroke rates were 5 to 6 times (below age 55 years) and 2 to 3 times (between age 55 and 64 years) higher. Among patients with ACHD reaching age 18 years, 8.9% of men and 6.8% of women experienced at least 1 stroke before age 65 years. With regard to lesion categories, patients with severe and left-sided lesions had the highest cumulative risk of stroke during adulthood. Thirty-day mortality after ischemic stroke was 5.1%, after hemorrhagic stroke the rate was 27.7%. Heart failure, diabetes mellitus, and recent myocardial infarction were the strongest predictors of ischemic stroke. The risk of ischemic stroke conveyed by heart failure was especially pronounced in younger patients and during the first 3 years after its initial diagnosis, although the latter finding lacked power to reach statistical significance in a sensitivity analysis.
The only large-scale, population-based study in this field published up to now mainly reported prevalence measures, and comparison with the general population was based on an estimated prevalence ratio with a wide range. 10 A crude incidence rate of stroke was reported (0.05% per year), but age-specific incidence rates could not be generated and recurrent strokes were not excluded. Furthermore, inferences on associations between clinical characteristics and stroke were only possible at a descriptive level. Other studies [11] [12] [13] 32 predominantly reported prevalence proportions as the measure of outcome. The IRR comparing stroke rates in men and women in our ACHD cohort (1.35) was very similar to what had been reported for the general population in a meta-analysis of 44 studies (pooled IRR, 1.33). 33 Our ability to make a direct comparison of cumulative risks to the general population was limited, because no cumulative risk estimates had been published for the corresponding age range. However, incidence rates of stroke based on the same hospital discharge data source were reported for the general population of Quebec by Mayo et al. 22 For comparison, we used the same definitions for stroke and age standardized our rates to the general population. Age-adjusted incidence rates of ischemic and hemorrhagic strokes were throughout higher in patients with ACHD than in the general population, in particular at a younger age. Thirty-day mortality of ischemic and hemorrhagic stroke was comparable with rates reported for the general Quebec population. 22 Heart failure, which showed a high predictive ability for ischemic stroke in our study, is an established risk factor for stroke in the general population. 34 However, its effect is generally difficult to separate from closely associated cardiovascular risk factors and comorbidities, such as hypertension, coronary artery disease, and especially atrial arrhythmia, which are frequently clinically undetected. 5, 35 Suggested mechanisms of stroke in patients with heart failure are thrombus formation because of blood stasis or structural defects, 36 neuroendocrine or hemostatic disorders associated with heart failure, 37 or a combination of these factors. Cardiac surgeries constitute another mediator on the causal pathway between heart failure and stroke; however, heart failure remained the strongest predictor even after excluding strokes, which occurred in the setting of high-risk surgery. Our propensity score-matched analysis supports the role of heart failure as a risk factor for ischemic stroke in the setting of incident heart failure. Similar to our findings in the propensity score-matched subcohort, an attenuation of the risk of stroke with follow-up time after incident heart failure has been observed in the general population. 38, 39 Whether subgroups of patients with heart failure and sinus rhythm could benefit from an antithrombotic treatment is a matter of ongoing research in the general population 40 and based on our findings may warrant further investigation in patients with ACHD. Additional predictors of stroke in our ACHD cohort were diabetes mellitus and recent myocardial infarction, which are well-known risk factors of ischemic stroke in the general population. 5, 41 Classic risk factors such as hypertension, hypercholesterolemia, and atrial arrhythmia showed no conclusive evidence of a predictive role in this ACHD population; however, it is important to note that this does not rule out an independent contribution of these factors, but rather means that, in our cohort, other covariates were stronger predictors of ischemic stroke. Furthermore, the increase in the prevalence of patients diagnosed with hypertension, coronary artery disease, atrial arrhythmia, and tobacco use in the year after ischemic stroke may indicate that these risk factors were underdiagnosed before the event; consequently, earlier detection of these risk factors may represent a potential target in the prevention of stroke in ACHD. Moreover, atrial arrhythmia lost part of its predictive ability because of a correlation with heart failure. The lesion categories assessed were not strong predictors either, possibly because heart failure serves as a better proxy for severity of disease.
The strength of this study is its comprehensiveness and thorough analysis. The study population encompassed the CHD population of a large Canadian province and was based on all healthcare-related patient encounters over a period of >2 decades. Our study design and numerous sensitivity analyses have attempted to capture and reduce information and selection biases. For example, ascertainment of incident stroke cases was limited to hospital discharge data preceded by a 10-year washout period before inclusion, and additionally an imaging modality associated with the diagnostic workup for stroke was required. For comorbidity status based on outpatient data, 2 diagnoses were required to reduce misclassification. 17 We attempted to correct for selection bias introduced by differential inclusion of patients with PFO into our cohort conditional on stroke and assessed the impact by means of sensitivity analyses. The nested casecontrol design used to evaluate predictors of ischemic stroke is a valid alternative to a Cox model assessing time-dependent exposures with superior computational efficiency. 42 It thus allowed inferences by means of Bayesian model averaging, which is known to take into account model uncertainty and to render better predictive accuracy than classic selection methods. 30, 43 Despite our efforts to minimize misclassification, information bias remains a limitation, as is inherent to all administrative databases. 44 Another drawback is the lack of clinical detail. 45 Information on some potential confounders could not be adequately captured (eg, tobacco, alcohol, and drug abuse), was not detailed (eg, left-versus right-sided heart failure and bioprosthetic versus mechanical valve replacement not distinguishable), or was not available (medication use, family history, and lifestyle factors). The lack of detailed information inherent to administrative data, left truncation of information such as on correctional surgeries dating back >15 years, and power considerations also precluded meaningful inferences for specific defects. Because data are limited to the province of Quebec, migration cannot be excluded as a potential source of bias either; however, a previous analysis showed that at least the prevalence of CHD should not be relevantly affected by this. 2 Regarding the comparison with the general population, we used the same data sources and definitions; however, a possible surveillance bias leading to a different detection rate of stroke in patients with ACHD as opposed to the general population cannot be excluded.
Despite these limitations, the presented study constitutes a comprehensive analysis of the incidence and cumulative risk of stroke in patients with ACHD and yields important information on the predictive role of potential risk factors for ischemic stroke. In summary, 1 in 11 men and 1 in 15 women with CHD is expected to experience at least 1 stroke during the course of adulthood (age 18-64 years). Patients with severe and left-sided lesions had the highest cumulative risk of stroke. In patients with ACHD aged <55 years, ischemic stroke was approximately 9 to 12 times higher and in patients aged 55 to 64 years 2 to 4 times higher than in the general population; hemorrhagic stroke rates were 5 to 6 times (below age 55 years) and 2 to 3 times higher. Heart failure, diabetes mellitus, and recent myocardial infarction were the comorbidities with the strongest predictive ability for stroke. For patients with heart failure, the risk of stroke was in particular high at younger age and in the first 3 years after its first diagnosis. Additional research is required to see whether early detection of risk factors and advances in the management of ACHD may reduce this substantial stroke rate. Chronic total occlusion of coronary artery 414.3x
Sources of Funding
Coronary atherosclerosis due to lipid rich plaque 414.8x
Other specified forms of chronic ischemic heart disease 414.9x
Chronic ischemic heart disease, unspecified I25.9x Atherosclerosis of coronary artery bypass graft(s) and coronary artery of transplanted heart with angina pectoris
I25.7x
Other forms of chronic ischemic heart disease I25.8x Cocaine abuse Cocaine related disorders F14.x ICD-9 and ICD-10 codes used for the definition of comorbidities. An "x" implies that all codes were considered at the corresponding code position. patients with a first assignment of an ICD-9 745.5 or ICD-10 Q21.1 code within a year after a stroke or transient ischemic attack were excluded, for sensitivity analysis A person-time for patients was only counted starting from the time of first assignment of one of the corresponding ICDcodes and for sensitivity analysis B a random sample of 10% of the patients, which were excluded in the main analysis, was re-included.
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* Incidence rate-ratios (IRR) comparing age-sex-standardized incidence rates of the corresponding sensitivity analysis to the main analysis. 0.488 Number of strokes and person-time in a cohort including patients with ICD-9 or -10 codes for unspecified congenital heart disease lesions, stratified by stroke-type and sex. * Incidence rate-ratios (IRR) comparing age-standardized incidence rates of the sensitivity analysis to rates of the main analysis, for which patients with unspecified lesions were excluded. Incidence rates of stroke in adults with congenital heart disease (ACHD) were age-standardized to the mid-year population of Quebec in 2002 and are presented per 100,000 person-years (py). † Age-group specific incidence rates of stroke per 100,000 population in Quebec in 2002 as published by Mayo et al.
‡ Incidence rate ratios (IRR) with 95% confidence intervals comparing incidence rates for ischemic (A) and hemorrhagic (B) stroke in ACHD to rates reported for the general population. . 0.5 (0.2-0.9) Intermediate-and long-term mortality-adjusted cumulative risks of first hospital admission for ischemic (A) and hemorrhagic (B) stroke at different index ages stratified by sex. Prior to the index age adults with congenital heart disease (ACHD) were free of stroke for at least 10 years. 0.3% 0.6% 0.3173 Status of generally long-standing comorbidities at time of ischemic stroke (Baseline, ascertained based on ICD-codes in the 5-year period prior to the event) and one year after stroke (based on ICDcodes recorded since the stroke event). Results are shown as proportions (%), p-values are derived from McNemar's tests. N, number. PH, pulmonary hypertension. 2°, secondary. Table 11 . Baseline and clinical characteristics of propensity-score matched heart failure and non-heart failure patients.
Heart failure (N=1,338)
Non-heart failure (N=1,338) 
Interventions
Left valve replacement 7.3% 7.7% -0.0140 Presented are proportions (%) for categorical variables, mean and standard deviation for continuous covariates as well as standardized differences for incident heart-failure cases and propensity-score matched non-heart failure patients. Covariates are well balanced between the propensity-score matched heart failure and non-heart failure patients. Figure 2 . Risk of ischemic stroke in incident heart failure -Sensitivity analysis excluding strokes occurring within 90 days of an acute myocardial infarction, endocarditis or high-risk surgery from the propensity-score matched cohort. Kaplan Meier curve showing ischemic stroke-free survival curves for patients with first diagnosis of heart failure and propensity-score matched non-heart failure patients. The numbers of patients at risk are provided above the x-axis. In the incident heart failure cohort 15 ischemic strokes occurred, in the non-heart failure cohort 6. The log-rank test was stratified on the matched sets (p=0.1083).
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